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ABSTRACT 

Initial improvement in power conversion efficiency (PCE) during ambient storage is often seen 

in perovskite solar cells (PSCs).  In this work, we studied the origin of PCE enhancement by 

ambient storage on typical n-i-p PSCs.  We found improvements in both fill factor and open-

circuit voltage during the first two days of storage.  By analyzing temperature and light intensity 

dependent VOC, we found that the charge recombination mechanism changed from surface- to 
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bulk-dominated due to defect passivation at the perovskite surface upon storage.  In addition, 

we found that storage improves the conductivity and lowers the highest occupied molecular 

orbital level of the spiro-OMeTAD improving charge extraction.  These results show that there 

are more than one factor causing the storage-induced-improvements in perovskite solar cells.  
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Power conversion efficiency (PCE) of organic–inorganic perovskite solar cells has recently 

reached 25.5% independently certified, surpassing that of other emerging solar cells such as 

dye-sensitized solar cells and organic photovoltaics, and approaching that of record inorganic 

solar cells.1,2  The superior opto-electronic characteristics make it possible to apply perovskites 

to commercialized Si or other thin film solar cells forming tandem solar cells, and to apply 

perovskites for lightweight-flexible devices using printable technologies.3–7  However, many 

researches are still struggling to overcome challenges such as the presence of defects, e.g., traps, 

and instability, e.g., under continuous light illumination, humidity and thermal stimuli.  The 

former can prevent PCE’s from reaching the Shockley–Queisser limit.  The latter can limit 

commercialization prospects of perovskite solar devices.7–16 

To obtain high PCE, a diverse range of engineering techniques including compositional 

engineering, film formation engineering, defect and surface passivation have been 

demonstrated to be effective.10,17–25  Interestingly, many studies have shown that PCE can be 

initially improved during the first few days of storage in ambient atmosphere.20,26–32  However, 

the underlying mechanisms for such PCE improvement are not yet fully understood, which will 

be the focus of this work.   

Amongst various layers of perovskite solar cells, electronic properties of hole-transporting 

material (HTM) such as 2,2’,7,7’-tetrakis-(N,N-dip-methoxyphenylamine)-9,9’-

spirobifluorene) (spiro-OMeTAD), have been reported to change with time.33–36  Hawash et al. 

reported that air exposure resulted in redistribution of a dopant, lithium 

bis(trifluoromethanesulfonyl)imide (Li-TFSI), in the hole-transporting layer, although fast 

initial PCE degradation was observed rather than enhancement.35  It was also reported that 

various environmental conditions such as oxygen, nitrogen, and humidity can influence the 

conductivity of the spiro-OMeTAD layer doped with Li-TFSI.36  They found that H2O triggered 

an irreversible increase in electrical conductivity of the doped spiro-OMeTAD layer.  Therefore, 
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they concluded that the initial PCE increase was due to the conductivity enhancement under 

ambient condition. 

Apart from the changes in HTM properties in ambient storage, temporal changes of 

perovskite layers have also been studied.  Firstly, with respect to the morphology, Roose et al. 

reported crystallite coalescence of small perovskite grains during the first 4 weeks of storage in 

the dark and under dry air condition.37  As a result, hysteresis in current density–voltage (J–V) 

characteristics was effectively reduced.  Interestingly, this crystallite coalescence was observed 

to last for as long as 28 days, which is longer than the period (several days) in which the initial 

PCE increase is generally observed.20,26–28,30,31,38,39  Secondly, Bi et al. studied sodium ion 

diffusion from ITO glass into perovskite grain boundaries under inert and ambient condition.40  

They found that sodium ion diffusion results in an increase in short-circuit current density (JSC), 

which is consistent with the increase in EQE from 400 to 650 nm.  On the other hand, only a 

small increase in open-circuit voltage (VOC) was observed, regardless of storage condition.  

Recently, Fei et al. reported the recrystallization of perovskite grains under inert condition 

storage (nitrogen-filled glove box).41  The PCE drastically increased in the first 2 days and then 

gradually increased over tens of days.  Although the improvement in PCE was attributed to the 

recrystallization of mixed perovskite that was observed over 58 days, the initial drastic increase 

in PCE in the first 2 days cannot be explained by the slow recrystallization because no change 

in the X-ray diffraction (XRD) peak was observed in the first 2 days. Most recently, 

Moghadamzadeh et al. disputed the crystallite coalescence argument put forward previously as 

they found no evidence of grain size change or spontaneous coalescence of the perovskite 

crystallites.42  Instead, the authors suggested that the initial PCE improvement was due to the 

reduction of trap-assisted non-radiative recombination possibly due to strain relaxation 

confirmed by XRD measurement results.  Table S1 summarizes reports of storage effects 

published to date including storage conditions and time scales.  It is clear that there are no 
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reports that study the combined effects of storage on cell performance caused by changes in 

both perovskite and HTM layers which will be the focus of this work.  

Herein, we study the origins of initial PCE increase by ambient storage effect on perovskite 

solar cells with an n-i-p device structure using (FAPbI3)0.85(MAPbBr3)0.15 perovskite as the 

absorber layer and spiro-OMeTAD as the HTM.  In the first 2 days of storage, PCE increased 

under ambient with a relative humidity (RH) of 20±10%.  For both fresh and stored samples, 

we measured photovoltaic properties, time-resolved photoluminescence (TRPL), space-charge-

limited current (SCLC), and photoelectron yield spectroscopy (PYS) to examine the film 

properties.  As a result, we found, that the effect of ambient storage on initial cell performance 

improvement is a combined result of temporal changes in both perovskite and HTM.  For the 

first time, these changes are reported which are (perovskite/HTM interface) surface passivation 

and changes in conductivity and HOMO energy level in the HTM.   

 

Perovskite solar cells with an n-i-p structure (Figure 1a) were studied in this work.  Compact 

titanium dioxide (c-TiO2) and mesoporous TiO2 (m-TiO2) were deposited on fluorine-doped tin 

oxide (FTO) glass substrate.  A mixed perovskite solution of (FAPbI3)0.85(MAPbBr3)0.15 with 

excess PbI2 (5 mol%) was then spin-coated using anti-solvent engineering technique, which 

was followed by HTM and Au deposition (See details in the Supporting Information).  First, 

we measured time evolution of J–V characteristics of perovskite solar cells stored in ambient 

atmosphere - room temperature and a controlled RH of 20 ± 10 % in a desiccator.  As shown in 

Figure 1b, the PCE of the champion device was improved, from 17.1 to 20.4% after 2 days of 

storage.  This is due to an increase in fill factor (FF) and VOC while JSC remained the same and 

the distribution of all parameters remain fairly similar after 2 days of storage (Figures 1c-f).  

The increase in FF is due to the reduction of series resistance RS (Figure S1) due to the desirable 

changes in the HTM upon storage as will be discussed below.  There is no clear trend in terms 
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of the changes in shunt resistances RSH with average values > 7×103 Ωcm2 which are respectable 

reflecting the quality of the films, e.g., pin-hole free.  Slight drop in cell performance is observed 

in devices after 3 and 4 days of ambient storage due to degradation induced by prolonged 

ambient exposure, consistent with our previous work20,43.  The photovoltaic parameters are 

summarized in Table S2.  From these results, initial PCE enhancement by storage is observed 

for the mixed-cation mixed-halide perovskite devices and this work attempts to investigate the 

underlying mechanisms. 
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Figure 1.  a) Device structure of perovskite solar cells employed in this work.  b) Time 

evolution of the best J–V characteristics of the device stored in the ambient atmosphere.  c–f) 

Scatter plots of photovoltaic parameters measured for 25 devices after various storage times. 
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In order to address the origin of the initial increase in VOC, we measured temperature and 

intensity dependent VOC for the above perovskite solar cells before and after the ambient 

storage.44–46 for determining dominant recombination mechanisms  

 

Figure 2.  a) Intensity dependent VOC for a perovskite solar cell before (black curve) and after 

(red curve) ambient storage.  From the slope, nid was evaluated to be 1.2 and 1.8 for the device 

before and after the ambient storage, respectively.  b) Temperature dependent VOC for a 

perovskite solar cell before (black curve) and after (red curve) the ambient storage.  From the 

extrapolation of VOC to 0 K, Ea was evaluated to be 1.44 and 1.62 eV for the device before and 
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after ambient storage, respectively.  c) Illustration of energy diagrams for 1) recombination at 

the surface, 2) SRH recombination, and 3) band-to-band recombination.  

 

Figure 2a shows the intensity dependent VOC measured for a representative perovskite solar 

cell before (black curve) and after (red curve) ambient storage for 2 days.  Figure S3 shows the 

results of the same measurements on multiple perovskite cells to illustrate result reproducibility.  

Ideality factor nid calculated (see Supporting Information for details of calculations) from the 

slopes are on average 1.2 for the fresh device and 1.9 for the aged device.  This finding suggests 

that recombination mechanism changed after storage.  For the fresh device, the low nid (~1.2) 

is usually desirable for high performance.  However, it is not consistent with the low VOC 

observed, suggesting that the small nid is not due to band-to-band direct recombination.  Rather, 

such a small nid can be explained by the trap-mediated recombination through energetically 

shallow recombination centers or surface recombination.47,48  Similar reports have shown that 

nid is near unity with a low VOC for the device in an inverted structure with PEDOT:PSS as 

HTM, which is attributed to dominant surface recombination.44,49  On the other hand, high nid 

near 2 after the storage is consistent with previous reports, indicating that typical Shockley–

Read–Hall (SRH) recombination in the perovskite bulk is dominant.44,45,48  The increase in VOC 

compared to that of fresh devices implies a reduction of trap-mediated or non-radiative 

recombinations as well.   

Figure 2b shows the temperature dependent VOC for determining the activation energy (Ea) 

of recombination current in the device before and after storage.  Ea of the fresh device (1.44 eV) 

is lower than bandgap energy Eg, while an Ea of the aged device (1.62 eV) is close to Eg, which 

is consistent with a previous report.50  As reported previously,44,46,51,52 the Ea smaller than Eg 

observed for the fresh device is attributed to sub-bandgap recombination at the surface instead 
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of recombination in the perovskite bulk (Figure 2c), which also explains the low VOC and a  nid 

value of 1.2.  On the other hand, Ea close to Eg was observed for the aged device. This is 

attributed to bulk recombination such as band-to-band and/or SRH recombination (Figure 

2c).44  Therefore, we can conclude from these results that recombination mechanisms are 

different between fresh and aged devices.  Trap-mediated surface recombination dominates in 

fresh devices and bulk recombination dominates in aged devices. 

Further evidence was obtained from our analysis of measured external quantum efficiency 

(EQE) of multiple devices before (black line) and after (red line) aging over a wide wavelength 

range above and below the Eg.  We also measured temperature dependent VOC under various 

illumination intensities.  As shown in Figure 3a, sub-bandgap EQE signals were observed for 

fresh device but were significantly reduced for aged device (from 10-4 to 10-7 above the current 

detection limit (10-8).  This finding indicates that there are sub-bandgap tail states serving as 

recombination centers in the fresh device contributing to reduction in VOC.  Figures 3b and 3c 

show the temperature dependent VOC for a representative device before and after storage under 

different illumination intensities (Enlarged views of the fitting done for Figure 3b and 3c can 

be found in Figure S4).  For the fresh device (Figure 3b), Ea was dependent on illumination 

intensity: Ea decreases with lower light intensity.  This trend indicates increasing contribution 

of surface recombination related to sub-bandgap tail states rather than bulk recombination 

because Ea exhibited the intensity dependent VOC.44,51,52  For the aged device (Figure 3c), Ea 

was independent of the illumination intensity, which converged to Eg at 0 K.  This is consistent 

with reduced sub-bandgap state observed in the EQE (Figure 3a).   These findings suggest that 

sub-bandgap tail states at the surface are reduced after storage and hence bulk recombination is 

dominant in the aged device.   
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Figure 3.  a) EQE of multiple perovskite solar cells before (black line) and after (red line) 

ambient storage.  Temperature dependent VOC for a representative perovskite solar cell under 

different illumination intensity b) before and c) after ambient storage.  The dotted lines in (b) 

and (c) represent optical bandgap energy Eg.  From the extrapolation of VOC to 0 K, Ea was 

evaluated for each illumination intensity. 
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While the recombination process has been observed to change from surface dominated to 

bulk dominated in full devices, it is important to study test devices that allow us to elucidate 

aging effects on hole transport materials and on perovskite layer separately. As the compact 

and mesoporous TiO2 layers were formed under ambient atmosphere, aging studies would not 

reveal any changes.  Moghadamzadeh et al., also reported negligible change in the properties 

of electron transport layer after storage.42  Therefore aging effects on perovskite and HTM are 

only considered in this section. 

To investigate the effect of ambient storage on perovskite film only, scanning electron 

microscopy (SEM) was conducted on films before and after the ambient storage for 2 days 

(same storage condition for cells in Figures 1 and 2).  For direct comparison, SEM images were 

taken at the same position before and after storage (cf. Figures S5 (a) & (b)).  To rule out effect 

of electron beam damage during SEM measurement, images were also taken at different 

positions of the same samples (cf. Figures S5 (c) & (d)).  Grain size distributions for films 

before and after storage are shown in Figure S6.  Results show no change in morphology for 

films measured at the same or at different positions before and after the storage, consistent with 

a previous report.42  XRD measurement results also show no significant change in crystallinity 

after ambient storage (Figure S7).  We thus exclude perovskite recrystallization or spontaneous 

crystal coalescence as causes for performance improvement.  This is also unlikely due to the 

longer time scale (> 2 days) for any film recrystallization to take effect especially for the initial 

PCE increase observed.37   

To rule out the effect of diffusion of ions such as sodium40 from the glass substrate and 

lithium53,54 from the hole transport material, we conducted X-ray photoelectron spectroscopies 

(XPS) on FTO, FTO/c-TiO2, and FTO/c-TiO2/m-TiO2 test structures (Figure S8) as well as 
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perovskite films before and after spiro-OMeTAD “treatment” (see Supporting Information and 

Figure S9 caption for details).  Results show the absence sodium and lithium peaks confirming 

the absence of ion diffusion during storage. 

To further study the storage effect on the perovskite layer and the associated device 

performance, we fabricated HTM-free perovskite solar cells.  Cell performances before and 

after ambient and N2 storage are shown in Figure 4a and Table S3.  Despite poor initial 

performance due to shunting from the lack of HTM, both VOC and FF significantly improved 

after ambient storage, which is consistent with the result of dominant recombination change.  

On the other hand, no change in PCE was observed after 2 days of inert (N2) storage (dash line 

in Figure 4a and Table S3).  As the effect of storage on Au electrode is known to be 

negligible,55  we can conclude that ambient storage has a direct positive impact on the 

perovskite layer alone.  

To ascertain if ambient storage has an impact on the energy levels of the perovskite layer, the 

valence band (VB) levels were evaluated by photoelectron yield spectroscopy (PYS).  Results 

are shown in Figure S10.  Negligible change in the VB level was observed before (5.62 ± 0.01 

eV) and after (5.60 ± 0.01 eV) storage.  In addition, the optical bandgap (1.63 eV) did not 

change after storage (Figure S11).  We can therefore conclude that ambient storage has 

negligible impact on energy levels of perovskite layers.   

We next evaluate carrier lifetime of a perovskite layer before and after storage via TRPL.  

Results are shown in Figure 4b.  The PL decay curves were fitted with double exponential 

functions (Figure 4b) where the averaged lifetime τave was calculated using the relationship of 

τave = ∑i Aiτi
2 / ∑i Aiτi.

20,56  As listed in Table S4, the averaged lifetime of the perovskite film 

increased from 49.0 to 211 ns after 2 days of ambient storage, driven by the increase in τ2 in 

particular, indicating the reduction of non—radiative recombination centers for free carriers 

(e.g. traps).57,58   
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We then evaluate the effect of storage on trap density of perovskite film by analyzing space 

charge limit current using dark J–V characteristics of perovskite film before and after ambient 

storage.  This is done by determining the trap-filled limit voltage (VTFL) which defines the 

transition from “ohmic” to “trap-filled limit (TFL)” region of the J–V curves (Figure S12).  The 

VTFL is then used to calculate the trap density.  Details are given in the Supporting Information.  

Results show that ambient storage has a positive impact on the perovskite film reducing trap 

density from the initial (1.37 ± 0.14) × 1016 to (1.03 ± 0.07) × 1016 cm−3 after storage.  These 

results are consistent with previous reports.58–62  In other reports,  hydration of the perovskite 

layer or incorporation of water molecules into perovskite crystal has also been reported to 

improve film conductivity and to reduce defect level.63,64  Surface passivation effects by water 

molecules has also been reported to enhance photo-generated carrier dynamics in perovskite 

layers.64  Furthermore, humidity-assisted crystallization has also been developed for PCE 

improvement.65–68  While we have ascertained the origins of perovskite improvement from 

storage: reduced trap density, we will focus on the origins of HTM layer improvement from 

storage in the next section.  
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Figure 4.  a) Light J–V characteristic of HTM-free perovskite solar cells before (black line) and 

after ambient (red line) or N2 (dash line) storage.  b) PL decay of perovskite films before (black 

line) and after (red line) ambient storage.  The grey and orange lines represent fitted curves 

using double exponential functions. 

 

Spiro-OMeTAD has been reported to easily oxidize in the initial aging process,33,34,36,69,70 

especially in the presence of oxygen and Li-TFSI.33,69,70  As a result, conductivity of the layer 

is effectively improved by activated positive ions through these reactions.  In addition, dopants 

can also be re-distributed during oxidation altering the HTM HOMO level and the properties 

of the perovskite/HTM interface.35,36,71     
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To investigate the effect of storage on HTM conductivity, we measured the performance of a 

perovskite solar cell and the conductivity and the HOMO level of the HTM layer (Spiro-

OMeTAD) before and after storage.  To compare the effect of storage to the effect of doping 

via FK209 (tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III) tri[bis(trifluoromethane) 

sulfonimide]) on conductivity, FK209-containing and FK209-free HTM films and cells were 

fabricated and analyzed for comparisons.   

Figure 5a shows the light J–V characteristics of perovskite solar cells using FK209-

containing and FK-209 free HTM (i.e. spiro-OMeTAD with Li-TFSI and tBP) before and after 

ambient storage.  Results are also summarized in Table S5.  As expected, the cell with FK209-

containing HTM had a slightly higher initial performance (slightly higher FF due to reduced 

series resistance RS (Table S5) as the dopant has been reported to assist in the production of 

spiro-OMeTAD radical cations, resulting in improved conductivity.72–74  This is confirmed by 

conductivity measurement as shown in Figure 5b where initial conductivity of FK209-

containing film at t = 0 was higher than that of the fresh FK209-free film.  On the other hand, 

there is a negligible change in VOC after FK209 incorporation in the HTM for cells either before 

and after storage (Figure 5a & Table S5), indicating that surface recombination still dominates 

in these cells even after the use of FK209 in the HTM.  This is also explained by the fact that 

FK209 dopant does not change the HOMO level of the HTM significantly according to PYS 

results shown in Figure S13.  These results highlight the fact that FK209 incorporation may 

not be always necessary albeit previous reports on the use of FK209 for improving cells’ PCE 

71,72,74–76  especially when cells without FK209 in their spiro-OMeTAD (containing Li-TFSI 

and tBP only) can still achieve high PCE over 22%.10  It may be possible that properties of 

HTM can be improved by ambient storage alone without FK209 which can be harmful in terms 

of cells’ long-term stability as FK209 can infiltrate the perovskite lattice causing undesirable 

reaction.53,77   
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After ambient storage, both FF and VOC were improved for both types of devices regardless 

of FK209 incorporation (Table S5).  The improvement in FF is due to increased conductivity 

of the HTM (Figure 5b) leading to RS drop (Table S5).  To ascertain the cause for VOC 

improvement, we measure the HOMO levels of both types of devices before and after storage 

of different durations.  Results are shown in Figure 5c.  The HOMO levels for both types of 

HTMs (with and without FK209) were around −5.2 eV initially and dropped to around −5.5 eV 

after 2 days of ambient storage.  This change is likely to be due to the emergence of divalent 

cations of spiro-OMeTAD as a result of ambient exposure.36,78  The narrowing of the gap 

between the valence band of the perovskite and the HOMO level of HTM layers as illustrated 

in Figure 5d (from 0.47 eV to 0.15 eV) results in better band alignment lowering offset losses 

and facilitating faster extraction before carriers have the chance of recombining through the 

sub-bandgap defect states 11,79,80 at the perovskite / HTM interface (Figure 2c).  This is 

supported by faster PL decay observed for stored perovskite/HTM samples compared to fresh 

ones as shown in Figure S14. 
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 Figure 5.  a) Light J–V characteristics of perovskite solar cells with (dash) and without (solid) 

FK209 in the HTL layer before (black) and after (red) ambient storage.  b) Conductivity of 

FK209-free (blue) and FK209-containing (green) spiro-OMeTAD films as a function of 

ambient storage time.  c) HOMO level of FK209-free (blue) and FK209-containing (green) 

spiro-OMeTAD as a function of ambient storage time.  d) Illustrations of HOMO level change 
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of spiro-OMeTAD before (left) and after (right) ambient storage resulting in better band 

alignment with the perovskite layer. 

 

To prove that the positive impact of storage on cell performance is a combined effect acting 

on both the perovskite layer and the HTM, we compared a series of full devices that have i) 

fresh perovskite with fresh HTM (black solid line in Figure S15); ii) 2-day-stored perovskite 

with 2-day-stored HTM (red solid line in Figure S15); iii) 2-day-stored perovskite with fresh 

HTM (red line with black markers in Figure S15) and iv) 4-day-stored perovskite with 2-day-

stored HTM (black line with black markers in Figure S15).  Their electrical characteristics are 

listed in Table S6 in the Supporting Information.  Focusing on the 2-day-stored perovskite with 

the fresh HTM device, its photovoltaic performance is better than the fresh device (cf. red line 

with black markers and black solid line in Figure S15) showing the effectiveness of ambient 

storage on improving the perovskite film alone for the PCE improvement.  However, its 

performance is lower than the device where both the perovskite layer and the HTM have been 

stored for 2 days (cf. red line with black markers and red solid line in Figure S15).  Interestingly, 

additional storage improved PCE even further as can be seen in the device with the 4-day-stored 

perovskite and 2-day-stored HTM (cf. red line with black markers and black line with black 

markers in Figure S15).   

These findings suggest that ambient storage acts on both the perovskite layer and the HTM. 

The underlying mechanisms are revealed which conclude i) improved conductivity in the HTM 

after storage (section 2.3.2) thereby improving FF of associated devices; ii) a reduction in 

HOMO level in the HTM after storage (section 2.3.2) resulting in better band alignment 

lowering offset losses and facilitating faster carrier extraction thereby improving VOC and FF of 

associated devices; and iii) improved carrier lifetime and reduced trap density in the perovskite 
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layer (section 2.3.1) thereby improving VOC of associated devices.  The last improvement is 

likely to be due to improved perovskite surface passivation due to reduction of trap-mediated 

recombination and a change of recombination process from surface dominated to bulk 

dominated after storage (section 2.2).  As part of the supporting information, a preliminary 

study was conducted to investigate the effects of varying environmental conditions for storage, 

e.g. inert gas vs oxygen vs humidity (Figure S16 and the corresponding discussions).  

Negligible change was observed for “N2” and “Dry air” stored devices but cells that underwent 

humidity (20±10%  RH regardless of gaseous components) storage all experienced initial PCE 

improvement indicating the underlying improvement mechanisms are linked to hydration 

process.63–68  These results highlight opportunities for future work for more in-depth study into 

the hydration process for PSCs.   

 

In summary, we studied the effect of storage under controlled ambient atmosphere to 

understand the mechanisms behind initial PCE improvement of perovskite solar cells that is 

commonly observed.  An average PCE increase from 15.4 to 18.2% with the maximum PCE of 

20.4% were observed after 2 days of ambient storage.  The improvement is only observed where 

the storage environment contains traces of humidity (20±10% RH).  Here, we have 

distinguished the effects of ambient storage on perovskite film and on the HTM.  Ambient 

storage improves carrier lifetime and reduces trap density in perovskite film alone confirmed 

by time-resolved photoluminescence and space-charge-limited current analyses, respectively.  

While for the HTM, for the first time, we found that ambient storage improves its conductivity 

and reduces its HOMO level facilitating better band alignment with the perovskite confirmed 

by EQE analysis, four-point probe measurements, and photoelectron yield spectroscopy. This 

explains the initial improvements of FF and VOC for stored devices.  By analyzing results of 

temperature and intensity dependent VOC measurements, it was found that the dominant 
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recombination process changed from surface dominated to bulk dominated upon storage and 

trap mediated recombinations reduce after storage.  Therefore, it is the reduction of surface 

recombination in stored devices that contributes to the initial improvement of VOC for stored 

devices.  These findings contribute to the knowledge explaining the widely observed 

discrepancy in cell performance measured on the same device immediately after fabrication and 

after a period of storage.  These results will inspire future work for improving PCE further by 

developing interface with less offset losses and highly conductive HTMs deep HOMO levels.   

 

Associated content 

Supporting information 
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summarizing results of J–V, SEM, XRD, XPS, PYS, EQE, SCLC, TRPL, and environmental test. 
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